Synergistic cooperation of different enzymes is a prerequisite for efficient degradation of cellulose. Conventional mechanistic interpretation of the synergism between randomly acting endoglucanases (EGs) and chain-end specific processive cellobiohydrolases (CBHs) is that EG generated new chain ends on cellulose surface serve as starting points for CBHs. Here we studied the hydrolysis of bacterial cellulose (BC) by CBH, TrCel7A and EG, TrCel5A from Trichoderma reesei under both singleturnover and "steady state" conditions. Unaccountable by conventional interpretation the presence of EG increased the rate constant of TrCel7A catalyzed hydrolysis of BC in "steady state". At optimal enzyme to substrate ratios the "steady state" rate of synergistic hydrolysis became limited by the velocity of processive movement of TrCel7A on BC. Processivity value of 66 ± 7 cellobiose units measured for TrCel7A on 14 C-labeled BC was close to the leveling-off degree of polymerization of BC suggesting that TrCel7A cannot pass through the amorphous regions on BC and stalls. We propose a mechanism of endo-exo synergism whereby the degradation of amorphous regions by EG avoids the stalling of TrCel7A and leads to its accelerated recruitment. Hydrolysis of pre-treated wheat straw suggested that this mechanism of synergism is operative also in the degradation of lignocellulose. Although both mechanisms of synergism are used in parallel the contribution of conventional mechanism is significant only at high enzyme to substrate ratios.
Cellulose is the most abundant biopolymer on the Earth and has great potential as a renewable energy source (1) . Cellulose is the main component of plant cell walls but it is also produced by some animals and microorganisms like bacteria and algae. Cellulose consists of linear chains of anhydroglucose units linked through β-1-4 glycosidic bonds. Degree of polymerization (DP) 2 in native celluloses ranges from few thousands to tens of thousands glucose units. Linear chains interact with each other forming tightly packed crystalline structures like microfibrils and fibres. In plant cell walls cellulose is associated with other polysaccharides like hemicelluloses and heterogeneous polymer of phenolic units, lignin. All this makes cellulose recalcitrant for enzymatic as well as chemical breakdown (2, 3) . In nature cellulose is degraded mainly by fungi and bacteria, which secrete a set of cellulolytic enzymes (4) . These include cellulases and hemicellulases but also enzymes involved in lignin breakdown. The simplest classification groups cellulases into cellobiohydrolases (CBHs), endoglucanases (EGs) and β-glucosidases. CBHs are processive enzymes that start the hydrolysis from cellulose chain ends whereas EGs non-processively attack cellulose chains at random positions. β-glucosidases hydrolyze cellobiose, the product of the action of CBHs, to glucose relieving thus the product inhibition of CBHs. To date the best characterized cellulolytic system is that of soft rot fungus Tricoderma reesei (Tr) . The major component of Tr cellulolytic system is glycoside hydrolase (GH) family 7 (5,6) CBH, TrCel7A. TrCel7A has modular structure consisting of a catalytic domain that is connected through the linker peptide (7) to a carbohydrate binding module (CBM) (8) . The tunnel shaped active site resides in catalytic domain and contains 10 anhydroglucose unit binding sites (9) . It is well documented that CBM is required for efficient binding of TrCel7A to the crystalline cellulose (10) . CBMs have also targeting function (11) (12) (13) (14) and it has been demonstrated that TrCel7A is targeted to the hydrophobic phases of cellulose crystal (14) . Although molecular dynamics simulations have predicted more intimate roles for CBM in catalysis like disengagement of single cellulose chain from the crystal lattice (15) or aiding processive movement (16) the biochemical evidence of such roles is elusive (17) . Beside TrCel7A, Tr also secretes a less abundant CBH, TrCel6A and a number of EGs that include TrCel7B, TrCel5A and TrCel12A . The active site of EGs is more opened and groove shaped. It is well recognized that CBHs are more efficient in degradation of crystalline cellulose whereas EGs preferentially target lessordered amorphous regions. Synergistic cooperation between cellulases is a prerequisite for efficient degradation of cellulose (18, 19) . The first mechanistic explanation of synergism was put forward by Reese et al more than fifty years ago (20) . The first, unknown component (C 1 ) was supposed to carry out socalled amorphogenesis of crystalline cellulose exposing single cellulose chains and cellooligosaccharides that were then degraded by C x component, identified as EG (20) . Although numerous non-hydrolytic proteins, that can induce amorphogenesis and act synergistically with cellulases, have been identified (21) their contribution in lignocellulose degradation remains elusive. After discovery of CBHs (referred to as C 1 for some time) (22, 23 ) the mechanistic explanation of endo-exo synergy was put forward, whereby randomly acting EG generates new chain ends on cellulose that serve as starting points for processive CBHs, (24) . Although alternative explanations like removal of obstacles by EG (surface "cleaning") to aid the processive movement of CBH have also been proposed (25, 26) the conventional "starting point generation" mechanism is still the most widely accepted one. Synergistic action has been shown to be reciprocal, meaning that not only CBH benefits from the action of EG but also the action of CBH renders the substrate more accessible to EG (25, 27) . Synergism between two CBHs (exoexo synergism) has also been reported (28) (29) (30) (31) (32) . Since one of the CBH components has been proposed to employ also the endo-mode of initiation (endo-processive CBH) the mechanistic interpretation of the conventional endo-exo synergism was adopted (30) (31) (32) . Recently a new type of synergism between enzymes that employ oxidative chemistry to break glycosidic bonds and hydrolytic enzymes was reported in chitin degradation (33) . The enigmatic synergism between non-hydrolytic GH family 61 proteins and cellulases has since found a mechanistic interpretation (34) (35) (36) (37) . This has lead to the resurgence of C 1 -C x theory with the oxidative enzyme identified as C 1 (19, 35, 38) . To make it all more complex and challenging Gao et al demonstrated that synergism was dependent on the glycosylation pattern of CBH (39) . For the quantitative description of synergism the degree of synergistic effect (DSE) is often used. DSE is the ratio of the activity of synergistic mixture to the sum of the activities of individual components. Beside the nature of synergistic components DSE has also been shown to depend on the molar ratio of the components (31, 40) , surface density of bound cellulases (30, 41, 42) , and properties of cellulose like DP (25, 43) , crystallinity (44) and allomorph composition (45) . As cellulose properties can change with hydrolysis the dependence of DSE on hydrolysis time has also reported (25, 31, 46) . Usually a small molar fraction (few per-cents) of EG results in the highest DSE (31, 40) but the optimal fraction of EG depends on the nature of EG as well as the substrate used (25, 31) . Data on the effect of the surface density of bound enzymes on DSE are controversial. Some studies have shown that DSE is the highest in case of low surface coverage (41) whereas others support the importance of proximity (i.e high surface density) of synergistic components (30, 42, 47, 48) . Among cellulose substrates, the highest DSE is observed on substrates with high DP and intermediate crystallinity (45) like filter paper or bacterial cellulose (BC) whereas low or moderate DSE is observed on highly crystalline substrates (25, 46, 49) . All these findings point to that endo-exo synergism is far more complex than appears from the conventional, "starting point generation" mechanism. Here we studied the hydrolysis of BC by CBH, TrCel7A and EG, TrCel5A under both, singleturnover and "steady state" conditions. EG was found to increase the rate constant of CBH catalyzed cellulose hydrolysis in "steady state". A mechanism of endo-exo synergism is proposed, whereby the degradation of amorphous regions of BC by EG avoids the stalling of processive CBH and leads to its accelerated recruitment.
EXPERIMENTAL PROCEDURES

Materials
Glucose, cellobiose, 4-methylumbelliferyl-β-lactoside (MUL), paranitrophenyl-β-lactoside (pNPL), bovine serum albumin (BSA) and papain were purchased from Sigma-Aldrich. D-[U-
14 C] glucose with specific activity of 262 mCi mmol -1 was from Hartmann Analytic GmbH. Scintillation cocktail was from Merck. All chemicals were used as purchased.
Enzymes -TrCel7A and TrCel5A were purified from the culture filtrate of Tr QM 9414 as described previously (50, 51) . Catalytic domain of TrCel7A (CD TrCel7A ) was prepared by limited proteolysis of intact TrCel7A with papain according to (10) . Aspergillus β-glucosidase was purified from Novozyme ® 188 (Sigma C6105) as described before (52) . Enzyme concentration was determined from absorbance at 280 nm using molar extinction coefficients of 84,400, 78,000, 78,250 and 180,000 M -1 cm -1 for TrCel7A, TrCel5A, CD TrCel7A and β-glucosidase respectively.
Celluloses -BC was prepared by laboratory fermentation of the Gluconobacter xylinum strain ATCC 53582 as described in (53).
14 C-labeled bacterial cellulose ( 14 C-BC) was prepared as BC but the glucose carbon source was supplemented with 14 C-glucose. In the case of 14 C-BC the cultivation flasks were also provided with CO 2 trap and O 2 was supplied by slowly pumping the air through the culture medium.
14 C-BC had specific activity 450,000 DPM mg -1 . Amorphous cellulose (AC) was prepared from Avicel according to (53) ) to start the hydrolysis. At selected time an equal volume of non-labeled AC (10 mg ml -1 ) was added to trap all unbound cellulases. Under these conditions each bound cellulase is allowed to perform only a single processive run on 14 C-BC. For time points, 0.2 ml aliquots were withdrawn and added to 20 µl 1 M NaOH to stop the reaction. After separation of cellulose by centrifugation the radioactivity in the supernatant was quantified using a liquid scintillation counter. For the background measurements ("leakage" of trap) separate experiments were performed where AC was added to 14 C-BC before cellulases. Because of the dynamic exchange between cellulases bound to 14 C-BC and AC trap there will always be a small number of attacks on 14 C-BC after addition of AC trap. This is represented by the "leakage" of trap and all hydrolysis data were corrected for the corresponding "leakage" (56) . The magnitude of "leakage" was dependent on the concentration and composition of the enzyme mixture but in most cases it remained within 10% of the radioactivity reading of the corresponding hydrolysis experiments. In the experiments made in the presence of EG the radioactivity released by EG for the moment of the trap addition (no detectable release of radioactivity by EG was observed after AC trap addition) was also subtracted. Thus, the data represent the radioactivity released by CBH. (56) . Cellulose was separated by centrifugation and the concentration of MU was found from the fluorescence of the supernatant. After fluorescence measurements 0.105 ml of 1 M acetic acid was added to 0.8 ml of supernatant and the concentration of glucose was measured using glucose oxidase peroxidase assay as described in (55) . Zero data points were treated identically but the enzymes were added after ammonium hydroxide. In the case of lignocellulose, lignocellulose (1.0 -10 mg ml -1 dry matter) was incubated (shaking at 500 rpm) with 2.5 µM TrCel7A or CD TrCel7A in the presence of 0.5 mM pNPL. If present the concentration of EG (TrCel5A) was 0.25 µM. After 30 min of hydrolysis the reaction mixtures were rapidly pressed through glass fibre filter (GF/D from Whatman) mounted to a 1 ml syringe. The filtrate was centrifuged (1 min, 10,000 g) and 0.4 ml supernatant was added to 0.4 ml 0.2 M ammonium hydroxide. Released para-nitrophenole (pNP) was quantified from the absorbance at 414 nm.
Determination of the [ES
was found from [pNP] using the calibration curves of pNPL hydrolysis made in the absence of cellulose. After absorbance measurements 0.105 ml of 1 M acetic acid was added to 0.8 ml supernatant and the concentration of glucose was measured using the hexokinase assay as described in (55) . Control experiments without pNPL were run in parallel to account for the background absorbance from lignocellulose. Zero data points were treated identically but the enzymes were added after ammonium hydroxide.
Determination of the values of observed rate constant (k obs )
-This was performed essentially as described in (55) . The time courses of glucose formation in hydrolysis of BC under "steady state" conditions were first converted to the rates of glucose formation. For that the hydrolysis data were fitted to an empirical function that explicitly and without systematic deviation described the data. Rates of glucose formation were calculated using the values of parameters obtained from the above mentioned fitting of the data and the first order derivative of the empirical function (55) . The values of k obs were found from the rates of cellobiose formation (taken as a half of the corresponding rate of glucose formation) and [TrCel7A] Inhibition of TrCel7A by cellobiose -All experiments were performed in 50 mM sodium acetate buffer pH 5.0 containing BSA (0.1 mg ml -1 ) at 25 ºC. In the case of single-turnover approach 14 C-BC (0.5 mg ml ) by TrCel7A (0.25 µM) in the presence of added cellobiose was followed. If present the concentration of TrCel5A was 0.025 µM. Series without added cellobiose were provided with 0.125 µM β-glucosidase. Hydrolysis was started with the addition of enzymes and at selected times 0.2 ml aliquots were withdrawn and added to 20 µl 1 M NaOH to stop the reaction. After separation of cellulose by centrifugation the radioactivity in the supernatant was quantified using a liquid scintillation counter. In making zero time points NaOH was added to 14 C-BC before enzymes.
RESULTS
Hydrolysis of cellulose under single-turnover conditions. Recently we described a method for the measurement of the apparent processivity (P app ) of CBHs under single-turnover conditions (56) . The method relies on the hydrolysis of uniformly 14 C-labeled bacterial cellulose ( 14 C-BC). Cellulases are mixed with 14 C-BC to start the hydrolysis and after short interval an excess of non-labeled AC is added to trap all unbound cellulases. Under these conditions each bound cellulase is allowed to perform only a single processive run on 14 1C) and result in the same P app value within the error limits (supplemental Table S1 ). This confirms that the number of repeated initiations was not significant within the studied conditions. Increasing the concentration of TrCel7A resulted in increased [
14 CB] max but the P app was independent of [TrCel7A] (supplemental Fig. S1 , Table S1 ). However, obvious systematic deviation was observed in fitting the data (up to 1800 s) to Equation 3 ( Fig. 1D) and an equation consisting of a sum of two exponents was necessary to fit the data (Equation 4).
(4) Subscripts 1 and 2 denote the parameters for the first and the second exponent respectively. The second exponent had about 10-fold longer transit time and smaller amplitude than the first exponent (Fig. 1D) . We propose that the second exponent represents the small population of enzymes that progress with higher P app . Another possibility is that the two populations have the same P app but different velocity of the processive movement. Because [TrCel7A] OA accounts only for total [ES] trap it is not possible to discriminate between these two possibilities experimentally. Therefore we further focused on the first 180 s of the time course where the systematic deviation from Equation 3 was negligible. Combining the data obtained using different times of the trap addition and different TrCel7A concentrations (supplemental Table S1 ) resulted in average P app value of 66 ± 7 ( Table 1) .
The rate constant k in Equations 1 & 3 is related to the catalytic constant (k cat ) that represents the rate constant leading from one productive complex through catalytic events to another productive complex one cellobiose unit further on the cellulose chain according to:
(5) n free is the average length of the obstacle free path (in cellobiose units) on cellulose (55) (Table 1 ). This figure is well in line with earlier estimates of k cat derived either from the rate measurements (57-60) or direct observations of the processive movement of TrCel7A along the cellulose chain (32, 61) . Using the rate measurements over the period of 1-3 h Fox et al. concluded that the steady state rate of the hydrolysis is limited by the slow complex formation between BC and Cel7A from Trichoderma longibrachiatum (62) . However, cellulose hydrolysis is more complicated as it displays burst kinetics where the steady state is preceded by the transient burst of activity (59, 60, 63, 64) . As a result of the burst kinetics the values of observed rate constants are primarily dependent on the measurement period (60, 64) . Recent pre-steady state measurements of the activity of TrCel7A on cellulose demonstrated that the rates must be measured within first few seconds of hydrolysis to reveal the k cat value (60) . Because of the specific reaction conditions a single-turnover approach employed here allows to measure k cat values without the need of special apparatus for transient kinetics. (Fig. 2, Table 1 ).
If AC trap is omitted "steady state" is established in hydrolysis of BC by TrCel7A (Fig.  3A) . Note that in the most of the parts of this study we use the term "steady state" merely to distinguish between experiment conditions (i. e. "steady state" versus single-turnover conditions). The term is quotation marked to indicate this purpose of its use. Addition of 0.1 µM TrCel5A to 0.5 µM TrCel7A resulted in about 8 fold increase in "steady state" rate of hydrolysis. Synergistic effect between TrCel5A and CD TrCel7A was also evident but the activity of the CD TrCel7A containing mixture was far lower (Fig.  3A) . In the case of individual enzymes about 70% and 20% of TrCel7A and CD TrCel7A respectively were bound via the active site and these figures were fairly constant in time (Fig.  3B ). Somewhat higher [TrCel7A] OA values were observed in the presence of EG. The situation was more complicated with synergistic mixture containing CD TrCel7A . In this case an initial increase in [CD TrCel7A ] OA was followed by its rapid decrease and after 30 min of hydrolysis the amount of CD TrCel7A bound through the active site was negligible (Fig. 3B) . Provided with the rate of cellobiose formation (v CB ) and [TrCel7A] OA one can calculate the value of observed rate constant for cellulose hydrolysis (k obs ) using Equation 6 (55) .
Note that although the experiments were performed in the presence of excess β-glucosidase activity and the formation of glucose was measured, it is more appropriate to express the rates and k obs values in the basis of cellobiose formation, which is the main product of the TrCel7A catalyzed hydrolysis of cellulose. As seen in Fig. 3C the presence of EG caused significant increase in k obs values in case of both TrCel7A and CD TrCel7A .
All above described measurements (Fig.  3 A-C) were performed at BC concentration of 0.5 mg ml -1 . As the synergistic hydrolysis of BC is inhibited by the substrate (42) (Fig. 3E) Table 2) .
Synergism was also assessed on lignocellulose as substrate. Like in the case of BC the affinity of intact TrCel7A towards lignocellulose was higher than that of CD TrCel7A but no substrate inhibition was observed within the concentration range of lignocellulose studied (Fig. 4A) . The addition of EG (10% on mole basis) resulted in a significant synergistic effect (Fig. 4A) (Fig. 4B) 
Inhibition of TrCel7A by cellobiose. Inhibition of
TrCel7A by cellobiose was studied using both, single-turnover and "steady state" conditions. The addition of cellobiose clearly reduced the amount of 14 C-cellobiose released under singleturnover conditions (Fig. 5A) (Fig. 5B & C) . As the method for quantification of [TrCel7A] OA is not applicable in the presence of cellobiose (55) Table S5 ). In the case of synergistic mixture of TrCel7A and TrCel5A the amount of cellobiose released during hydrolysis was significant (the curve with no added cellobiose and β-glucosidase in Fig. 6B ) and was accounted for in generating the plot in Fig. 6C . Table 3 ) the data for synergistic hydrolysis were first fitted to simple hyperbolae for competitive inhibition: ), K M is the Michaelis constant for cellulose (mg ml -1 ), K i is the inhibition constant for cellobiose (mM) and H is a parameter that accounts for the background radioactivity (i. e. the radioactivity reading that is independent of TrCel7A). [ ]
It must be noted that, although we used equations for competitive inhibition (Equations 8 & 9) , the assumption about the type of inhibition is not important in the context of deriving IC 50 values. The equations for other types of reversible inhibition like non-competitive, uncompetitive or mixed type of inhibition are equally well suited for this purpose. Likewise, the values of individual parameters, K M , K i and H are not important. Important is their combination (Equation 9 ) that defines the value of IC 50 . Although this simplified approach does not permit to distinguish between different types of inhibition, slightly higher IC 50 values obtained at higher TrCel7A concentrations (supplemental Table S6 ) suggest non-competitive or mixedtype inhibition. Differently from the inhibition of synergistic mixture a simple hyperbola (Equation 8) was not sufficient to describe the inhibition of individual TrCel7A. In the latter case an equation accounting for two different modes of action was necessary to fit the data (supplemental Equation S1). The cellobiose inhibition of individual TrCel7A was somewhat weaker than the inhibition of the synergistic mixture ( Table 3) . As the cellobiose inhibition of TrCel5A is more than an order of magnitude weaker than that of TrCel7A (58) the cellobiose inhibition of the synergistic mixture apparently represents the inhibition of the CBH component. The strength (Table 3) and pattern ( Fig. 6D and  supplemental Fig. S3 ) of cellobiose inhibition of CD TrCel7A and intact TrCel7A was similar in the case of both individual enzymes and synergistic mixtures.
DISCUSSION
Processive CBHs are the key components of the efficient fungal cellulase systems. However the molecular mechanisms of their mode of action are still not fully understood. The major obstacle in advancing our knowledge has been the lack of biochemical methods for assessing different molecular steps of the hydrolysis of the insoluble and heterogeneous substrate. Here we attempted to fill this gap by introducing single turnover approach that was used in parallel with "steady state" measurements of TrCel7A catalyzed hydrolysis of cellulose. A processive cycle of TrCel7A consists of at least 6 putative steps (Fig.  7A) (65) . Measuring of the formation of [TrCel7A] OA in time (Fig. 1B and Fig. 2B ) revealed that the binding through the active site was fast with the transit times for steps a-c in Fig. 7A around 10 s. A recent study of transient kinetics also supports the fast complex formation between TrCel7A and cellulose (60) . The k cat value 2.2 ± 0.5 s -1 (Table 1) (Table 1) were in the range of 30 s and during this time an average of 66 ± 7 cellobiose units were released (Table 1) . Although different scenarios for CBM assisted catalysis have been proposed (15, 16 ) the supporting biochemical evidence has remained elusive (17) . Here we measured somewhat lower P app and k cat values for CD TrCel7A compared to the intact enzyme but the differences may not be significant considering the error limits (Table 1) . Thus our data rather support the observations that CD TrCel7A moves along cellulose chain with the same velocity as intact TrCel7A (61) .
Our understanding of the mechanisms of synergism between EG and CBH cannot be in advance of our understanding of the rate limitations in CBH catalyzed cellulose hydrolysis. Considering the crystalline nature of the substrate the number of reducing chain ends available for CBH is expected to be low. The conventional explanation of endo-exo synergism assumes that the chain end availability is rate limiting for CBH so that generation of new chain ends by EG will increase the population of productive CBH cellulose complexes (24) . Consistent with that, we also found an increase in [TrCel7A] OA at the presence of EG under both single-turnover (Fig. 2B, Table 1 ) and "steady state" (Fig. 3, Table 2 ) conditions. However, the increase in [TrCel7A] OA was far from being sufficient to account for the EG caused increase in "steady state" rates. The majority of the synergistic effect came from the EG caused increase in the rate constant (k obs ) of the hydrolysis of BC by TrCel7A instead (Fig. 3 , Table 2 ). The increase in k obs points to the presence of an additional mechanism of synergy between TrCel7A and EG that is used in parallel with the conventional mechanism. At optimal enzyme to substrate ratios the synergistic "steady state" k obs values (Fig. 3) approached to the k cat value measured using single-turnover conditions (Table 1) meaning that in the presence of EG the steady state rate becomes limited by the velocity of processive movement of TrCel7A. Recently we proposed an obstacle model to describe the rate retardation in CBH catalyzed cellulose hydrolysis (55) . According to this the retardation in hydrolysis rate is caused by the accumulation of stalled, non-productive CBH cellulose complexes (Fig. 7B) . The comparison of transit times measured here for binding (10 s) and processive movement (30 s), and for the recruitment of TrCel7A (≈ 25 min) measured before (57) supports this model. Although the exact nature of obstacles remains elusive our data suggests that they are related to the amorphous parts of BC. It is worth mentioning that the P app value for TrCel7A was close to the leveling-off DP value of BC, the DP value that cellulose preparation approaches during heterogeneous acid hydrolysis (25) . Heterogeneous acid hydrolysis, like HCl catalyzed hydrolysis, is limited with the degradation of easily accessible amorphous regions whereas crystalline regions remain intact.
Although difficult to address experimentally the regularity of amorphous parts that disrupt the crystalline structure have been demonstrated in ramie cellulose (66, 67) . We propose that TrCel7A cannot pass through and stalls after encountering amorphous parts on BC (Fig. 7B) . The P app of TrCel7A is thus limited by the length of crystalline regions between amorphous parts on BC and this distance also defines the length of the obstacle free path (n free ) for TrCel7A on this substrate (Fig. 7B) . Since dissociation is much slower than association and processive run the k obs of cellobiose formation in steady state becomes limited by n free k off . On the other hand, by preferentially targeting and degrading amorphous regions EG removes the obstacles and TrCel7A does not stall (Fig. 7C) . In this way EG accelerates the recruitment of TrCel7A and the steady state k obs value of cellobiose formation approaches to the value of true k cat . In the presence of EG the P app of TrCel7A will be apparently limited by the DP of cellulose chains on EG fragmented cellulose surface (Fig. 7C) . Similar k obs values found for synergistic hydrolysis with the mixtures containing intact TrCel7A or CD TrCel7A confirmed that the mechanism of synergy depicted in Fig. 7C is operative also in the case of CD TrCel7A . However, in synergistic hydrolysis CD TrCel7A appeared to be inefficient in binding to cellulose through the active site (low levels of [CD TrCel7A ] OA in Fig. 3B ). This suggests that in the case of CD TrCel7A passing through the steps ab and/or c in Fig. 7A are impaired on EG generated chain ends.
The relative contribution of the conventional (characterized by DSE OA ) and the novel (characterized by DSE k ) mechanism of synergism was dependent on the enzyme to substrate ratio ( Table 2 ). The relative contribution of the conventional mechanism was higher at high enzyme to substrate ratios. At low enzyme to substrate ratios most of the TrCel7A molecules were bound through the active site even in the absence of EG and synergism revealed only on the level of k obs . Hydrolysis of BC is interesting in that it displays a phenomenon of substrate inhibition (42) . However, substrate inhibition reveals only in synergistic hydrolysis by the EG/CBH mixtures containing intact CBH (42) . In our early study we proposed that at constant concentration of enzymes an increase in BC concentration will result in lower surface density of EG generated chain ends and therefore longer distances of lateral diffusion used by intact TrCel7A to catch the chain ends (step b in Fig. 7A ) (42) . However, we did not observe a decrease in the population of [TrCel7A] OA with increasing concentration of BC and it was k obs of synergistic hydrolysis instead that decreased with increasing [BC] (Fig.  3) . Decrease in k obs can still be described by the lower surface density of EG generated chain ends at high BC concentrations. To avoid the stalling of TrCel7A it is necessary that EG degraded amorphous region would be on the same cellulose chain and in front of the processively moving TrCel7A (Fig. 7C) . The probability of latter is expected to decrease with decreasing surface density of EG degraded amorphous regions on BC. Because of the lower affinity of CD TrCel7A towards cellulose, in the case of synergistic mixtures containing CD TrCel7A , the decrease in k obs is apparently compensated by the increase in population of bound CD TrCel7A with increasing BC concentration and substrate inhibition on the level of glucose formation is not revealed (Fig.  3) .
Cellobiose inhibition also reflects the mode of action and rate limitation of (68, 69) . However, binding of cellobiose to the sites +1/+2 permits the formation of non-productive complex with cellulose chain bound to the sites -7/-1. Such a complex is expected as it also forms after the cleavage of glycosidic bond in cellulose (step d in Fig. 7A ). IC 50 value of 3.2 ± 0.8 mM found for cellobiose inhibition of [ 14 CB] max apparently reflects the binding of cellobiose somewhere into minus sites of the active site tunnel and this competes with the binding of the cellulose chain. As the product sites must be empty before TrCel7A can step further on cellulose chain (step f in Fig. 7A ) the binding of cellobiose to the sites +1/+2 is expected to restrict the processive movement. This non-competitive component of inhibition is apparently responsible for the slower movement of TrCel7A in the presence of cellobiose. A recent computational study suggested that the product expulsion may be a rate limiting factor in the processive cycle of TrCel7A (70) . About 100 fold higher IC 50 value of cellobiose for k compared to the K d value for its binding to the sites +1/+2, however, suggests that the product expulsion (step e in Fig. 7A) is not limiting for k cat (steps d-f in Fig. 7A ). Cellobiose inhibition of TrCel7A in "steady state" (Table 3 ) was stronger than that observed for [ 14 CB] max and k in single-turnover experiments. The competitive component of inhibition should decrease the number of initiations by the same factor in case of both "steady state" and single-turnover conditions. Thus our data indicate that both competitive and non-competitive components of inhibition are involved in cellobiose inhibition of the cellulose hydrolysis in the "steady state" resulting in overall mixed type of inhibition. Somewhat stronger cellobiose inhibition observed in the case of synergistic mixture can now be explained by the increased contribution of the processive movement in controlling the "steady state" rate of the synergistic hydrolysis and therefore also increased contribution of the non-competitive component of inhibition compared to individual TrCel7A.
Our data suggest that the novel mechanism of synergy depicted in Fig. 7C is also operative in lignocellulose hydrolysis. Beside amorphous parts lignocellulose also contains lignin and residual hemicellulose, which may serve as obstacles for processive TrCel7A (55) . Removal of these apparently requires more accessory enzymes like hemicellulases and oxidative enzymes and explains the complex nature of the synergism in lignocellulose degradation. (55) . Transit times were found from the values of rate constants for corresponding step(s). B. Hydrolysis of cellulose by individual CBH. CBH cannot pass through the amorphous regions (wavy lines) and stalls. The length of the crystalline regions between amorphous parts defines the length of obstacle free path (n free ) which also limits the apparent processivity (P app ) of CBH. Steady state rate of cellobiose formation is governed by the slow dissociation (k off value was taken from ref. 57 ) of stalled CBH. C. Synergistic hydrolysis of cellulose. EG accelerates the recruitment of CBH by degrading amorphous regions. P app of CBH is determined by the DP of EG fragmented cellulose surface (DP surface ) and steady state rate of cellobiose formation approaches to the limit set by the velocity of processive movement of CBH. Transit times correspond to the steps taken by the CBH depicted on the left hand side of the cellulose. Conventional mechanism of endo-exo synergism is depicted on the right hand side of the cellulose. by guest on November 18, 2017 
